Highlights 22 23 •Complete inventories of gene expression in stomatal differentiation state are elucidated 24 •MUTE switches stomatal patterning program initiated by its sister bHLH, SPEECHLESS 25 •MUTE directly induces cell-cycle genes and their direct transcriptional repressors 26 •Incoherent feed-forward loop by MUTE ensures the single division of a stomatal 27 precursor 28 29 30 SUMMARY 31 Precise cell division control is critical for developmental patterning. For the differentiation of a 32 functional stoma, a cellular valve for efficient gas exchange, the single symmetric division of an 33 immediate precursor is absolutely essential. Yet, the mechanism governing the single division 34 event remains unclear. Here we report the complete inventories of gene expression by the 35 Arabidopsis bHLH protein MUTE, a potent inducer of stomatal differentiation. MUTE switches 36 the gene expression program initiated by its sister bHLH, SPEECHLESS. MUTE directly 37 induces a suite of cell-cycle genes, including CYCD5;1, and their transcriptional repressors, 38 FAMA and FOUR LIPS. The architecture of the regulatory network initiated by MUTE represents 39 an Incoherent Type 1 Feed-Forward Loop. Our mathematical modeling and experimental 40 perturbations support a notion that MUTE orchestrates a transcriptional cascade leading to the 41 tightly-restricted, robust pulse of cell-cycle gene expression, thereby ensuring the single cell 42 division to create functional stomata.
Introduction

45
Mirroring the physiological importance of stomatal movement for plant photosynthetic growth, 46 survival, and fitness, a stoma in nearly all land plant species is constituted with a pore
47
The closest paralog of MUTE, SPCH drives the initial entry into stomatal cell lineages, and its 143 induced overexpression (iSPCH) results in epidermis with excessive asymmetric divisions 144 (MacAlister et al., 2007; Pillitteri et al., 2007) (Figure 1E ). To understand the extent of their 145 shared and specific functions, we next compared their target genes. An induced SPCH (iSPCH)
146
RNA-seq analysis was performed essentially at the same condition (8 hours of induction using 7 4-day-old seedlings) (Lau et al., 2014) , thus we re-analyzed the published iSPCH data for direct 148 comparison. 24% (113/472) of iMUTE upregulated genes are shared by iSPCH ( Figure 1F , H, 149 Table S1 ). To further correlate their shared transcriptional response to physical genome-wide 150 SPCH binding locations (Lau et al., 2014) , we analyzed the extent by which the promoters of the 151 co-regulated genes are occupied by SPCH. 55% (62/113) of SPCH and MUTE co-upregulated 152 genes are bound by SPCH, whereas only 22% (87/392) of SPCH-specific upregulated genes 153 are bound by SPCH ( Figure 1F , H, Table S1 ). Thus, extracting the transcriptional response 154 shared by SPCH and MUTE highly enriches the selected set of the SPCH direct targets.
155
The most highly enriched GO-category for iSPCH and iMUTE shared co-upregulated 156 genes is stomatal complex development, where 74% (14/19) of genes are SPCH-bound 157 (Figures 1G, S2,  Table S3 ). All eight iMUTE-up/iSPCH-up/SPCH-bound genes are known 158 players of stomatal development: TMM, ERL1, ERL2, BASL, POLAR, and POLAR-LIKE, 159 SCREAM (SCRM), and HDG2 ( Figure 1G , H, I, Table S3 ). SCRM2 was also co-upregulated 160 (Log 2 =0.43, qVal=3.94E-14)( Figure 1I , Table S1 ). A subsequent qRT-PCR analysis confirmed 161 their induction ( Figure S3 ). On the other hand, CARBONIC ANHYDRASE1 (CA1), which 162 mediates inhibition of stomatal development at elevated CO 2 levels (Engineer et al., 2014) , and 163 STOMAGEN were repressed by both iSPCH and iMUTE ( Figure 1I , Table S1 ).
164
To rule out the possibility that iMUTE causes a non-specific, promiscuous induction of
165
SPCH targets, we further tested whether the promoters of these genes are indeed occupied by 166 the functional MUTE protein expressed transiently during the meristemoids-to-GMC transition.
167
For this purpose, chromatin-Immunoprecipitation (ChIP) assays were performed using 168 Arabidopsis mute plants complemented by the functional MUTE-GFP protein driven by its own 169 promoter (proMUTE::MUTE-GFP) using the scrm-D enabled background (Horst et al., 2015;  170 Pillitteri et al., 2007; Qi et al., 2017) . Indeed, direct associations of MUTE with the promoters of 171 TMM, SCRM, as well as BASL and POLAR were detected, indicating that they are the bona fide, 172 direct MUTE targets ( Figures 1J, S4 ). The strong MUTE-GFP association was detected within 8 the location of known SPCH-binding sites, many possessing an E-box, which is a known bHLH 174 binding sites (Figures 1K, S4, Table S3 ).
175
EPF2 is a known direct target of SPCH (Horst et al., 2015; Lau et al., 2014) . Although 176 iSPCH, triggered >30 fold increase in EPF2 expression, iMUTE directly repressed EPF2 (-0.47, 177 qVal=1.50E-02)( Fig. 1I, Fig. S3 
183
Together, our findings suggest that MUTE acts as a transcriptional switch for the stomatal 184 patterning ligand-receptor system, eliminating the earlier signal EPF2 induced by SPCH, while 185 maintaining the expression of shared receptors to perceive the later signal, EPF1 ( Figure 1L ). Table S3 ). Among the cell cycle genes (Figures 2A, S5 The previous stomatal-lineage transcriptome study reported CYCD7;1 as a GMC-specific D-208 type cyclin (Adrian et al., 2015) . However, our RNA-seq and time-course transcript analyses 209 showed that MUTE induction has no effects on the expression of CYCD7;1 (Log 2 FC =0.07, 210 qVal=1.00E+00; Figures 2B, S5 , Table S1 ). Therefore, MUTE does not activate CYCD7;1 211 expression. In contrast, iMUTE strongly induces CYCD5;1, which has not been associated with 
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To understand the role of CYCD5;1 in stomatal development, we generated Arabidopsis 217 plants expressing CYCD5;1-GFP driven by its own promoter (CYCD5;1pro::CYCD5;1-GFP). A 218 strong signal was detected within the nuclei of a GMC ( Figure 2G Figure 1J ), supporting that MUTE upregulates CYCD5;1 via direct 223 binding to its promoter.
10
To address the accumulation dynamics of CYCD5;1 during stomatal differentiation, we 225 next performed time-lapse live imaging using the double transgenic lines expressing CYCD5;1-226 GFP and plasma-membrane RFP ( Figure 3A ; Movie S1). CYCD5;1-GFP accumulates in the 227 nucleus of a meristemoid within 3-4 hrs (3.3 ± 1.4 hrs, n=25) after the last asymmetric division, 228 reaches maximum ~10 hrs (10.6 ± 4.1 hrs, n=26), and disappears ~8 hrs (7.9 ± 1.1 hrs, n=28) in 229 prior to the symmetric division ( Figure 3A , Movie S1). Consistent with our finding that MUTE Figure 1I , Table S1 ). Both 
268
We subsequently tested whether FAMA and FLP are direct MUTE targets. ChIP 269 experiments with MUTE-GFP detected strong signals at the FAMA and FLP promoters, 270 overlapping with the regions of known SPCH binding peaks ( Figures 4D,E, S4 ). Note, however, 271 that iSPCH does not upregulate their expressions ( Figure 1F , Table S1 ), suggesting that MUTE 
293
To address the importance of the I1-FFL, we break up the I1-FFL in silico and 294 experimentally verifying the stomatal phenotype as an outcome. If a node Y turns on 295 simultaneously as X, the modeling predicts the output peak Z would decline to a sub-threshold 296 level ( Figure 5C ). To test this prediction experimentally, FAMA as well as FLP were expressed 
300
The phenotype highly resembles that of the dominant-negative CDKB1;1 and CDKA1;1 as well 13 as higher-order loss-of-function mutants of CDKB1s and CYCAs (Boudolf et al., 2004; Yang et 302 al., 2014) . In contrast, the previous report found no stomatal phenotype in FLP overexpressors 303 (Lai et al., 2005) . Our finding that MUTEpro::FLP triggers differentiation of single-celled stomata 304 underscores the importance of specific cell type or developmental windows for FLP to function.
305
We next performed both simulation and experiments to break down the I1-FFL by 306 turning on Z (CDKs/CYCs) simultaneously as X (MUTE), in which case the repression by Y 307 (FLP/FAMA) would be too late to properly terminate the activity of Z (Figure 5H, I) . We predicted 308 that the repression by FLP/FAMA may be too strong to convincingly unravel the perturbed 309 effects of CYCD5;1. We thus introduced MUTEpro::CYCD5;1 into fama mutant background, 310 which gives rise to GMC tumors with extra symmetric divisions ( Figure 1J )(Ohashi-Ito and 311 Bergmann, 2006) . A precocious expression of CYCD5;1 at the onset of MUTE expression 312 triggered striking supernumeral divisions of fama GMC-like tumors, vastly increasing the 313 number of cells per tumor ( Figure 5J, K) . The finding corroborates with the mathematical 314 modeling ( Figure 5H ).
315
As shown in Figure 3A 14 differentiation in the cotyledon/leaf epidermis (MacAlister et al., 2007; Pillitteri et al., 2007;  328 Trivino et al., 2013) . However, through characterizing of our model parameters, we found that 329 MUTE has to regulate FAMA/FLP much more tightly to ensure the single SCD under iMUTE 330 overexpression (Figure 6A, B) . Here, sustained iMUTE in silico limits the possible range of 331 strong CDKs/CYCs activation by MUTE. On the other hand, iMUTE overexpression causes 332 stronger activation of FAMA/FLP. In the parameter sets we employed, this could lead to faster 333 decline of CDKs/CYCs, diminishing the peak below a threshold to trigger the SCD. Taking into 334 account the modeling results that predict the dysregulation of the MUTE-orchestrated I1-FFL,
335
we sought to revisit the MUTE overexpression phenotype.
336
Indeed, careful observations of iMUTE epidermis revealed that, within the sheet of 337 stomata-only epidermis, occasionally formed are singular GCs, fama-like GMC tumors, and 338 stomata made with a trio or quartet of GCs surrounding a pore ( Figure 6C activities (Lampard et al., 2008; Ohashi-Ito and Bergmann, 2006) , suggesting that these 374 additional modules prevent the functional interference among the three bHLHs.
375
It is known that SPCH, MUTE, and FAMA expressions are tightly regulated by the 376 epigenetic mechanisms (Lee et al., 2014; Matos et al., 2014) . The local chromatin state may 377 16 explain why some targets (e.g. TMM, SCRM) are immediately induced by MUTE while others 378 (e.g. FAMA) delay for ~8 hrs. It could also explain the previous report that the ability for MUTE 379 to induce stomatal differentiation becomes restricted as plants age (Trivino et al., 2013) . In 380 myogenesis, both Myf5 and MyoD recruit histone acetyltransferase to alter the epigenetic 381 landscape at their target sites (Cao et al., 2010; Conerly et al., 2016) . It would be interesting to 382 test in future whether local and global epigenetic landscapes are regulated by each stomatal 383 bHLH.
385
MUTE as a potent inducer of cell division
386
Our study unraveled that MUTE is a potent inducer of cell cycle genes (Figure 2 ). MUTE 387 strongly upregulates CDKBs (CDKB1;1 and CDKB1;2) and CYCA2s (CYCA2;2, CYCA2;3) that 388 promote GMC symmetric divisions (Boudolf et al., 2004; Xie et al., 2010) . CDKBs-CYCA2s 389 complexes are known to regulate S/G2 phase, but do not drive the cell cycle entry. Our work 390 further identified CYCD5;1 as a D1-cyclin promoting the symmetric division. CYCD5;1 is known 391 to partner with CDKA1;1 (Boruc et al., 2010) , which is not likely a MUTE target (Figures 2, S5 ).
392
Because G1/S transition is a rate-limiting step, once CYCD5;1 expression is induced, basal 393 levels of CDKs and G2/M cyclins in mute may be sufficient to execute the symmetric-division-394 like cell division. Time-lapse imaging shows that CYCD5;1 peaks and disappears ~8 hrs before 395 the symmetric division prior to CDKB1;1 accumulation ( Figure S6 ). The sequential peaks of 396 CYCD5;1 followed by CDKB1;1 are consistent with their roles in G1/S and G2/M transitions, 397 respectively.
398
It is worth noting that modest enrichments of CDKB1;1 and CYCA2;3 were reported in Figure 5 ). Importantly, the single pulse is much more robustly generated by the endogenous, 417 pulsed MUTE expression than for saturated and sustained one ( Figure 6 ). The I1-FFL is known 418 to function as a pulse generator (Basu et al., 2004; Mangan and Alon, 2003) : the circuit can 419 generate a pulse output even under sustained input. This explains why sustained iMUTE 420 overexpression still largely produces 'normal' stomata with paired GCs. Since MUTE expression 421 window is limited in the wild type, theoretically, the simple linear circuit could be implemented for 422 a pulse output. However, the I1-FFL would hold advantages for this biological context. The I1- 
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